BACKGROUND: OSA is associated with changes in pharyngeal anatomy. The goal of this study was to objectively and reproducibly quantify pharyngeal anatomy by using digital morphometrics based on a laser ruler and to assess differences between subjects with OSA and control subjects and associations with the apnea-hypopnea index (AHI). To the best of our knowledge, this study is the first to use digital morphometrics to quantify intraoral risk factors for OSA.
The prevalence of OSA in the adult population is estimated to be approximately 34% for men and 17% for women, with 13% and 6%, respectively, having moderate-to-severe OSA (apnea-hypopnea index [AHI] $ 15). 1, 2 Increased OSA risk is associated with aging, obesity, and male sex. 3, 4 Although obesity is the most important risk factor, [3] [4] [5] [6] [7] studies show that craniofacial abnormalities (ie, reduction in mandibular size) and upper airway soft tissue enlargement increase the prevalence and severity of OSA. [8] [9] [10] [11] Larger tongue, lateral pharyngeal walls, tonsils, soft palate, and total pharyngeal soft tissue volumes, as well as a shorter maxilla, smaller mandibular enclosure, and greater mandibular retroposition, have all been shown to increase OSA risk when measured according to MR and CT images. 9, 10, [12] [13] [14] [15] Although these studies provide important insights, such imaging techniques can be time-consuming, expensive, and expose subjects to varying levels of radiation. [8] [9] [10] [12] [13] [14] Alternative phenotyping methods have primarily relied on qualitative studies of tonsil size, Mallampati score, and pharyngeal narrowing. [16] [17] [18] [19] The Mallampati score, originally described with the tongue extended, is a measure of pharyngeal crowding used to predict difficulty in intubation. 20 Modified Mallampati is scored with the tongue in the mouth and used to measure pharyngeal crowding while better representing the tongue position during sleep. 18, 20 In an attempt to obtain more quantitative morphometric measurements, calipers have been used to measure the oral cavity and craniofacial dimensions. 21, 22 Calipers allow for quantification;
however, there are few data on reproducibility, and the process is cumbersome and unpleasant.
Lee et al 23 described a novel photographic technique to quantify craniofacial measures without calipers. A washer of known size was affixed to the subject's face and used to calibrate measures taken from digital photographs. Using this technique, mandibular length was found to be shorter in subjects with OSA than in control subjects. In the present study, we extended this approach to quantify intraoral measures related to soft tissue structures. However, because a washer cannot be placed within the oral cavity, we used a projected laser ruler for calibration (Fig 1) . The laser ruler, consisting of two parallel beams a known distance apart, was used to convert photographic measurements from pixels to centimeters, allowing for objective quantification of intraoral structure sizes.
The primary goal of the present study was to objectively and reproducibly quantify pharyngeal structures by using digital morphometrics based on a laser ruler and to assess differences between subjects with OSA and control subjects and associations with AHI. We hypothesized that larger intraoral structures measured via photography would be associated with higher AHI and increased risk of OSA. Furthermore, we hypothesized that there would be decreased visibility of the pharyngeal airway and a higher modified Mallampati score in subjects with OSA compared with control subjects.
Portions of this investigation have been presented as abstracts. [24] [25] [26] [27] Subjects and Methods
Additional details are presented in e-Appendix 1 and e- Tables 1-4 .
Study Population
Subjects with OSA were defined as having an AHI $ 10 events/hour and control subjects as having an AHI < 10, as in previous studies. 7, 28 Tables 1 and 2 provide descriptions of the photographs and measurements.
Overnight Polysomnography
Subjects underwent either an overnight in-laboratory polysomnography (n ¼ 787 [91.5%]) or a home study with an Embletta Gold portable monitor (Natus Medical Incorporated) (n ¼ 73 [8.5%] ). Studies were scored chestjournal.org by a trained sleep technologist and reviewed by certified sleep physicians according to methods of the American Academy of Sleep Medicine. 29 
Laser Ruler
Digital photographs were obtained by using a digital camera and intraoral laser ruler, composed of a right angle beam splitter and mirror aligned such that two parallel beams project forward a known distance apart (Fig 1) . A camera was attached to the laser ruler to allow for digital photographs to capture the projected laser beams adjacent to measures of interest. The distance between the lasers (1.0 or 1.5 cm depending on the device) was used to calculate quantitative measures from the photograph.
Morphometric Photographs
For each photograph, subjects were seated with their head in a neutral position and line of sight parallel to the floor. 29 The camera and laser ruler were placed between 35 and 50 cm from the subject. Subjects were instructed to open their mouths maximally for 4 intraoral photographs (Table 1) in the frontal or profile position (Fig 2) : tongue in the mouth without phonation (frontal photograph), tongue extended (frontal photograph), tongue extended (profile photograph), and tongue depressed without phonation (frontal photograph). We also obtained categorical measures of pharyngeal airway visibility, modified and standard Mallampati scores, tongue ridging, tonsil hypertrophy grade, and pharyngeal narrowing grade (Fig 3) .
Statistical Methods
Methods, sample size and power, and Hochberg multiple comparisons correction are given in e-Appendix 1.
30,31
Results
Validation and Reproducibility
Details on validation and reproducibility are given in e-Appendix 1.
Measurement Visibility
We assessed our ability to measure the different structures overall and between subjects with OSA and control subjects (e- Table 4 ). Due to study design (adding new photographs and measurement variables to the paradigm), the number of subjects with OSA and control subjects with available data varied.
Measurements capturing the size of the mouth and tongue were obtained in at least 89% of photographs (range, 89.2%-99.0%). Tongue width with the tongue in the mouth was obtained in a slightly lower proportion of subjects with OSA than in control Data are presented as mean AE SD unless otherwise indicated. P values for differences in photograph (P) measures significant after Hochberg correction are shown in bold.
chestjournal.org cautiously given their availability on a subset of the population (specifically, younger, less obese subjects who are less likely to have apnea). This outcome is also true for global measures of tonsil hypertrophy and pharyngeal narrowing.
Subject Demographic Characteristics
The study sample consisted of 542 subjects with OSA and 318 control subjects. Subjects with OSA were older, heavier, more likely to be male, and more likely to be African American (Table 3) . Given these differences, statistical models were used to control for these variables; there was a reasonable overlap in age and BMI between subjects with OSA and control subjects to allow for statistical adjustment (e -Fig 1) .
Associations Between Photography Measurements and OSA Status
In unadjusted comparisons of means and frequencies between subjects with OSA and control subjects (Table 3) , nominally (P < .05) or statistically (after Hochberg correction) significant differences for a number of photography-derived measures were recorded. Subjects with apnea had higher scores on all measures of Mallampati, less airway visibility, larger mouth width and area, and larger tongue width and thickness. These subjects also had more severe pharyngeal narrowing within the subpopulation where this measure was quantifiable.
We next examined the relationship between photograph variables and the likelihood of OSA (Table 4) . In unadjusted models in photograph P1, larger tongue width was significantly associated with increased odds of OSA, whereas larger mouth width, mouth area, and a nonvisible airway were nominally associated. Similarly, a higher modified Mallampati score was nominally associated with OSA risk; subjects in Class IV had a 2.65 times increased odds of OSA compared with subjects in Class I. In photograph P2, larger tongue width and a higher standard Mallampati score were significantly associated with OSA risk, and mouth width was nominally associated. When examining the size of the tongue in the profile tongue-extended photograph (P3), a 1 SD increase in tongue thickness was significantly associated with a 1.43 times increased odds of OSA. Significant associations were also seen in global categorical measures, with a more severe Mallampati score and worse pharyngeal narrowing associated with a higher likelihood of OSA. Subjects with a pharyngeal narrowing grade of 3 had a 3.37 times increased odds of OSA compared with subjects with a grade of 0. None of the airway or uvula measures in photograph P4 showed significant associations in the subset with available data. Table 4 also illustrates covariate-adjusted associations with OSA status. In partially adjusted models controlling for age, sex, and race, larger tongue width remained significantly associated with increased OSA risk (after Hochberg correction), whereas tongue thickness, pharyngeal narrowing, and more severe tonsil grade remained or became nominally significant. After additional adjustment for BMI, only tonsil hypertrophy grade remained nominally associated.
Associations Between Photography Measurements and AHI
We next examined associations between photographic measures and continuous AHI (Table 5) . In unadjusted models for photograph P1, larger mouth width, tongue width, a nonvisible airway, and higher modified Mallampati score were significantly associated with higher AHI; larger mouth area showed nominal Multivariate regression with backwards selection was used to examine whether there were independent effects among all variables from photographs P1, P2, and P3, which were visible in at least 89% of photographed subjects, as well as clinical factors (age, BMI, sex, and race). A total of 430 subjects had data for all measures and were included in multivariate models; there were no significant differences in age, sex, race, BMI, or AHI between included and excluded subjects.
When examining associations with OSA status, the backwards selection algorithm resulted in a final model, including sex (P ¼ .003), age (P < .0001), and BMI (P < .0001) as important clinical predictors, as well as significant independent associations for tongue area (P ¼ .008) and curvature (P ¼ .003) from the profile tongue-extended photograph. Thus, the results suggest that profile measures of the tongue capture unique aspects related to OSA risk.
Similarly, when examining associations with AHI, selected clinical covariates included sex (P < .0001), age (P < .0001), and BMI (P < .0001). A number of photography-derived variables showed significant independent associations in the final model, including standard Mallampati score (P ¼ .028), tongue width (P ¼ .0005), and tongue length (P ¼ .022) from the frontal photograph with the tongue extended maximally, and tongue length (P ¼ .031) and curvature (P ¼ .020) from the profile tongue-extended photograph. Once again, these results suggest that photography variables provide additional information after accounting for clinical factors.
Discussion
This investigation confirms data from other imaging studies [17] [18] [19] [20] [21] [22] [23] 29, [32] [33] [34] showing associations between intraoral anatomy and OSA but using a less invasive, higher throughput, and more cost-efficient method. Previous noninvasive studies have attempted to phenotype intraoral anatomy but have been limited to primarily qualitative studies and have not quantified pharyngeal structures. 16 Our validated method of digital morphometrics using a laser ruler provides an efficient and reproducible method to quantify mouth and tongue sizes, as well as airway visibility measures, in a high proportion of photographed individuals.
Using our method, we examined the relationship between intraoral measures and both AHI and OSA status in a large sample. Measurements of intraoral crowdedness showed the strongest associations. A higher Mallampati score and nonvisible airway were both risk factors for more severe OSA, even after controlling for age, sex, race, and BMI; subjects with OSA tended to have more crowded or less visible airways than control subjects. Pharyngeal airway visibility is a dichotomous analogue of the modified Mallampati score measuring pharyngeal crowding and may represent a more efficient first-stage screening tool for identifying subjects with increased OSA risk. This relationship between increased apnea severity and intraoral crowdedness was also reflected in associations with AHI for both tonsil hypertrophy and pharyngeal narrowing grade, within a subset of the population.
Mouth width and area were also associated with OSA status, although significance was lost after full covariate adjustment. A small lateral mouth opening will contribute to decreased pharyngeal airway visibility and increased modified Mallampati score. Similarly, larger tongue width and tongue thickness were associated with increased likelihood of OSA and higher AHI. Associations remained significant when controlling for age, sex, and race but were lost after adjustment for BMI. Because BMI is related to tongue size and tongue fat, 7, 35 it is not surprising that statistical significance was lost. However, measures of tongue size and morphology could provide additional insights into appropriate treatment approaches that are not obvious based on BMI alone. Supporting the idea that photography measures of the tongue may capture unique aspects of OSA risk, several measures of the tongue showed significant associations (P < .05) in multivariate analyses, even in the presence of age, sex, and BMI. These associations, as well as possible interactions among variables, should be examined within independent datasets.
Limitations and Strengths
The study's limitations and strengths are discussed in e-Appendix 1.
Utility of Digital Morphometrics
The overall potential of our digital morphometric analysis paradigm may be its ability to predict or model the likelihood of developing OSA based on airway pharyngeal visibility and tongue size. Photography could be used to determine anatomic risk factors for OSA in large population studies or screening studies.
Obtaining and storing photographs also allows for future assessments of intraoral structures. This approach is not possible if, for example, a study is recording the Mallampati score based only on visual inspection of the airway. Thus, digital morphometrics may provide a more reproducible and standardized objective measurement technique for capturing the Mallampati score, which may provide clinical benefit. Although the size of intraoral structures has been shown to be predictive of OSA, 16 most large trials and cohorts evaluating patients with sleep apnea have not assessed upper airway anatomy, instead relying on clinical measures of overall obesity. OSA is one of the few diseases in which detailed physical examination is largely ignored.
Digital morphometrics represent an efficient and costeffective method of examining intraoral crowding and tongue size for large population genetic studies and/or examination of differences across ethnicity; the process can be expanded to include craniofacial structures as described previously. 23 Combining the intraoral digital morphometric analyses described here with craniofacial assessments allows for comprehensive phenotyping of OSA risk factors. Future studies should examine sensitivity and specificity for predicting OSA using individual or combinations of photographically derived phenotypes. Moreover, digital morphometrics could be used to efficiently observe subjects through weight loss and address relationships between BMI, AHI, and tongue size. As the relationships between intraoral structures and apnea are documented, digital morphometrics could be used to help identify optimal, personalized OSA interventions.
Conclusions
We showed that a digital camera and laser ruler can be used to quantify intraoral anatomy, particularly for measures of the tongue and mouth, airway visibility, and Mallampati score. Using the techniques described, we obtained reproducible measures of a number of OSArelated anatomic risk factors in a large proportion of photographed subjects. Measures of tongue size were associated with increased OSA risk and higher AHI, independent of age, sex, and race. Categorical measures of airway visibility and modified Mallampati score showed associations with AHI, independent of BMI, age, sex, and race and differed between subjects with OSA and control subjects. Multivariate modeling suggests that photographic measures capture unique aspects of OSA risk and severity. Thus, our photography techniques represent a promising tool for highthroughput, cost-effective intraoral phenotyping or OSA screening, which until now has required more expensive imaging.
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